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STUDY OF THERMAL PHENOMENA IN A HARTMANN-3PRENGER TUBE

\

E. Brocher¥* and C. Marescak

ABSTRACT. By directing a jet towards the
entrance of a tube closed at the other end,
strong flow osclllaticns may be obtained within
the tube. The mechanical energy dissipated by
- friction on the tube walls, as well as by the
irreversibility of the shock waves travelling

up and down the tube, produces an important tem-
perature increase of the oscillating gas and

of the tube walls. The device is called
"Hartmann-3prenger tube".

The various remcval mechanisms of the heat
so produced are investlgated. It-is shown that
the most important mechanism is a mass exchange
between the gas of the jet (cold gas) and that
oscillating within the tube (hot gas). This
mass exchange cccurs through the boundary layer
thickness at the contact front separating
the two gases.

The tube wall being alternately exposed to
fhe hot and cold gases, heat transfer by forced
convectlion occurs in the tube much as 1in a re-
generatlive heat exchanger. A heat transfer
balance 1s established and allows one to compute
the equilibrium gas temperature. This tempera-
ture is markedly higher for moncatomic gases

_than for dlatomic gases. The theoretlcal_gglues

__of the equilibrium temperature are in good agree-)

) ment with the experimental cnes. The existence of
g limiting Mach number of the hot gas flow 1s found,

¥
Institute for Fluid Mechanics, University of Provence, Marsellie,
France.



Notation

thermal power removed by forced convection inside tube;

mechanical power diSsipated across shock waves; |

A —_ a/ao;

D — hydraulic diameter of H-S tube;
Cp  — coefficient of friction; ‘

Cp — sSpecific heat;

I(K) — integral defined by Equation (A.ﬂ);
I(MZ) — function defined by Equation (A.6);

X — parameter defined by Equation (10);

L — length of H-3 tube;

Lp — depth of penetration of jet into tube;
M — Mach number;
Nu — Nusselt number;

- P LPE

Per

Pfr —— mechanical power dissipated by friction;
P, —

irr

Pm — thermal power remeved by mass exchange ;
Pr — Prandtl number;

Re — Heynolds number;

# ‘ S

Re - VDpa\/#lolJ-!\l/(}?Tl‘olj);

3 — cross-sectional area;

T — static temperature;

TF — wall temperature at bottom of tube;
Tr — recovery temperature of hot gas;

Ttot -— stagnatiocn temperature;

Ttot — mean stagnaticn temperature of hot gas

2
— {y — 1);1/2(20;_!

a — speed of sound;

#

Numbers

in margin indicate pagination in original foreign text.



& — thickness of tube wall;

r — oscillation frequency;

h — heat transfer coefficient;

A — distance between nozzle outlet and tube mouth;

m — pySL, mass of gas contained in tube at start of /530
compression phase;

m* — mass transferred across contact front during com-
pressicon phase;

D — stagnhation pressure;

t — time;

u — zag velocity;

X — abscissa, measured from tube mouth;

y — distance of tube wall}

[y M, 1/D,Re*] — function defined by Equation (7);

[6. [ M, L/D, Re*)) — function defined by Equation (A.3);

s%@l%ﬂﬁl . — function defined by Equation (14);

%%J%ﬂdbLﬂlREﬂ]—— function defined by Eguation (A.8);

o — ratio of temperature of jet plenum to stagnation tem-
perature of gas initially contained in tube;

Y — ratio of specific heats

§(x) — boundary-layer thickness at abscissa x;

n — X/Lp;

o — Ttotz/TtotJ.5

v — kinematic viscosity;

P — density.

Subseripts

a — ambient conditions;

c.i. — incident shock wave;

c.r. — reflected shock wave;

d.il. — dincident expansicn wave;

d.r. — reflected expansion wave;

J — conditions at jet outlet;

1,2...7 — conditions in states 1, 2, ... 7, in Figure 2;



0 — reference conditlions {(conditicns in jet plenum)
P — wall.

Introduction

By directing a jet of gas onto the mouth of a tube which 1s
closed at its other end, it is possible to produce a strong oscilla-
tory motion of the‘gas inslde the tube. This phenomenon was dis-
covered by Hartmann [1] in 1919, while he was making measurements of
the pressure in a supersonic Jet -in the sub-accommodated regime with
a Pitot tube. The cscillation of the gas produces loud sconic emis-
sion, with the dominant frequency near the fundamental acoustic fre-
quency of the tube (f = a/i4L). Hartmann and his collaborators went
on ltol study the acoustic phenomena produced by this device more
deepiy. This 1s why 1t 1s customarlly called the Hartmann whistle.
It was only much later, in 1954, that Sprenger [2] showed that the
osclllatory motion of the gas could produce cconsiderable heating of
the tube wall, In certaln experiments by this author, the tempera-
ture of the wall reached 1000° C. Sprenger also showed that it is
possible to obtain oscillation and heating of the tube wall with an
exciting Jet in the subscnic regime or in the accommodated super-
sonic regime. Discovery of the thermal effects created new interest
in the Hartmann whistle, and many papers have been devoted to its
study. In his paper, Sprenger [2] used the term "resonance tube";
since then this term has been taken up by most authors. However,
as we have shown [3], this term is impfoper because even in the ab-
sence of friction br other dissipative processes, the maximum ampli-
tude of the oscillations reaches a well-defined limiting value. Dur-
ing an international congress [4], we thus proposed to give the de-
vice the name "Hartmann—Sprénger tube" (H-S tube), and this sugges-
tion has been favorably received.

Study of the thermal effects inside E-S tubes is interesting
not only on a fundamental level, but also on a practical level,
Sprenger [5] showed that serious accidents in the valving of pres-
surized gas can be blamed on these effects. He also showed [2]

that it is possible to effect a "temperature separation": i.e., to



produce hot gas and cold gas from gas of intermediate femperature.
Another appiication of the H-S tube consists of producing an oscll-
latory flow of 300° K plasma inside the tube, adequate for magneto-

hydrodynamic energy conversion [6].

*  The purpose of the present paper is to report the theoretical
and experimental work which we have carried out on the thermal ef-
fects in H-S tubes at the Institute for Fluid Mechanics at Marseille
guring the last three years.

2. Operation of the H-5 Tube

To begin the analysis of the thermal phencmena, it 13 essential
to understand the nonviscous flow in a H-S tube. We have. published
a number of papers [3, 7, 8] on this subject, and we shall confine
ourselves here to recalling the most impertant characteristics of
the flow. |

This can be divided into two phases {(Figure 1). In the first
phase, the jet penetrates into the tube and compresses the gas there.
In the second phase, the tube R e e

empties, and the Jjet is pushed

back some distance from the mouth. el

It 1s advantageous to repre- g

sent the instationary flow pro- ;. =

== 1 (v

) =T g
duced inside the tube by a time- : ==#=555:%\h&/

distfance diagram and a gas velocity-

; —..]
|

speed of sound diagram. In Figure Figure 1. Phases of the flow

2, Wwe have drawn. one cycle of the noa H—S.tube:

oscillations in the time-distance a — first phase: penetration
of jet into tube; b — second

diagram. The cycle 1s composed of phagse: emptying of tube

an incident shock wave QSijETD,

a reflected shock wave (b.c.r)), an incident expansion wave (fo.d.1}),
and a reflected expansicn wave (Eﬁﬁjf}). We note that it is the re-
fiected shock wave which repels the jet ocutside the mouth, thus

initiating the‘EaEEFemptying phase. We have also shown in the figure



the contact front (c.f.) between
the gas of the Jet and that con-
tained in the tube. In a first
analysis, it can be assumed that
the pressure, temperature, and
velocity are uniform in the flow
We have
demonstrated that if the condi-

tion necessary for starting and

regions numbered 1 to 7.

maintaining oscillation is satis-.

fied [7], the amplitude of the
oscillations tends to a limiting
value for which the pressure be-
hind the incident shock wave 1s
Just equal to the ambient pres-
sure [3]. In Figure 3, we have
used a gas velocity-speed of
sound diagram to show the oscil-
laticn cycle when the limitfing
amplitude has been reached. The
waves of compression and ex-
pansion (assumed isentropic) are
governed by the Riemann in-

variants:

Jun—

l[m

Tai4f= const.

?r
By introducing the dimensionless
coordinates:

o
potolu
2 aq

- T,

kthese Invariants are represented
by straight lines of slope + 1
For the

limiting cycle, the velocify in

in the A-U diagram.

‘ﬁf

_—

F - B {'x. . .
' ipistance

Figure 2. Simplified time-
distance diagram:

jo.c.1)| — incident compression

wave; lo.c.r.| — reflected com~

préssion wave; {o.d.1.| — ineci-

dent expansion wave; lo.d.r.| —

reflected expansion wave; .. .:
¢c.f, — contact front

%
<

: U
!
&
Figure 3. Limiting c¢scilla-
tion cycle:

1l - 2 — incident compression;
2 —-5 — reflected compression;
5 - 7 — incident expansion;

7 - 1 — reflected expansion



field 2 is equal tc the velocity of the jet, which is to say that

the jet penetrates freely into the tube. The jet is thus completely
absorbed by the tube during the compression phase. The mechanism of
oscillation is not significantly modifled by irreversibilities (fric-
tion, shocks) which occur in real flow. Thus, the amplitude of the
oscillations 1s always determined by the fact that when the limiting
cycle is reached, the minimum pressure in the cycle adjusts itselfl

in such a way that the preésure behind the incident shock is Just
equal to the ambilent pressure. This condition allows the amplitude
of the oscillations to be calculated immediately, when the exciting
Jet is in the accommodated supersonic regime and/ocr when the tempera-
ture of the gas 1in the tube is different from that of the jet [3].

3. Analysis of Prior Studies of Thermal Effects

Inspired by Sprenger's discovery [2], a number of authors [9 -~
17] have sought to explain the thermal effects observed in H-S tubes.

The [l1rst guestion is that of knowing what the mechanisms are
which produce the temperature rise. Most authors [9 - 167 suggest
that the heating of the tube is due mainly to the dilssipation of a
part of the mechanical energy of the Jjet through the irreversibility
of the shock waves present in the flow. Reynolds [17], on the other
hand, attributes the dissipaticn to the turbulence of the flow inside
the tube. In reality, we shall see later on that the twe dissipative
mechanisms,'irreversibility of the shock waves and. friction inside
the tube, both play roles in raising the temperature. Thelr relative
magnitudes‘depend'mainly on the Mach number of the exciting jet, on.

the L/D ratic, and on the Reynclds number Re* defined below,

The second question iz that of knowing what the mechanisms are
which limit the temperature rise. Several authors [9, 13, 15, 16]
suggest that the heat dissipated 1s transferred to the walils of the
tube by forced cdnvection, and that this heat 1is then carfied off
in the atmosphere by radiation and free convection around tThe tube.
They calculate the quantity of energy dissipated by the irreversi-
pility of the shocks and compare it with the heat carried off. The:



result of this comparison is relatively good [15], medioecre [9, 13],
or plainly poor [16]. These divergences are due to the fact that
the amount of energy dissipated in a shock wave depends, above all,

on the pressure ratio p5/pl, and not on the pressure difference (p5 -
py). Now,| measurement of pressure oscillations with a piezoelectric

sensor does not generally, by itself, allow the determlnation of the
absolute pressure, because of drift in the electronics. The authors
mentioned were thus unable to calculate the irreversibilities due to
the shocks with any certainty from their tests, as some of them
pointed ocut themselves [9]. In addition, we shall see that in most
cases, removal of heat by radiation and natursgl convection plays a

minor role in the thermal balance of the tube.

Another mechanism which can limit the temperature rise is that
proposed by Wilson and Resler [12]. The diagram of the flow in an
H-S tube given in PFigure 2 is very much simplified; in reality,
passage from the expansion phase to the compression phase does not
occeur instantancously, and a traln of compression waves 1s formed
at the mouth of the tube. This wave train moves a certain distance
before it forms a shock. Wllscn and Resler have shown that this
formation distance increases with the temperature of the gas. Thus,
insofar as the energy dissipation is due principally to the shock
waves, the limiting temperature will be achieved when the wave train
no longer has time to form a shock inside the tube. However, this

mechanism is important only in determining the temperature reached

at the bottom of the tube; we shall treat "that question in another
paper. We note that Wilson and Resler were unable to compare their
theoretical result with experiment, since they did not have a suffi-

ciently clear ldea of the flow inside the tube.

Shapiro [14] attacked the problem of the formation of a shock
in a gas containing a temperature gradlent. In principle, this case
1s c¢loser to reality than that studied by Wilson and Resler, for
which the gradient was assumed to be zero. However, Shapiro's theory
led to a much higher estimate of the temperature rise than that

which is cbserved.



4, Preliminary Experiments

The various mechanisms for carrying off the heat produced by
dissipation of the mechanical energy aré exceedingly numerous, and
it is judicious to proceed to experiments which allow one to judge
which of them play major roles, Examination of the experimental
results then allows establishment of a greatly simplified analysils
of the thermal effects, which leads tc theoretical wvalues 1n good

_agreement with exper@ment%

4,1. Experimental systems

The experiments to be described were performed with two tubes,
one rather large (tube No. 1), and the other small (tube No. 2}.

For tube No. 1 (Figure 4), a compressor fills a series of com-

pressed air cylinders B which are connected to the inlet pipe of
nozzle T through plenum C. An electrically actuated valve E.V., is

8 '}iﬁ‘ofﬁpi’éé sor] -

controiled by the guick-

opening valve V A pres-

1
sure reduction valve Dt

allows the generating pres-

sure to be regulated be-
tween 1 and 15 bars. Valve

Vs provides fine regulation ;

of the air flow 1In the pip- !
ing system. Nozzle T, of

square cross section, is

easlly interchangeable; 1its
inlet section is a 60 x 60 Figure 4. Experimental system (tube

mm square. The H-3 tube No. 1)

is prismatic, with an in-

ternal length of 1200 mm; its cross section is 36 x 36 mm square.

The L/D ratio is thus the same as that given by Sprenger [2] for " /534

obtaining the largest thermal effects. A system of tracks and ball



bearings allows the tube to slide on its support sco that the distance

. 1{from the nozzle outlet to the tube mouth can be varied.

For tube No. 2 (Figure 5), the jet is supplied from one com-
pregssed gas cylinder B. The gas passes through a pressure reductilion
valve Dt which regulates the generating pressure, measured by mano-

meter M in plenum C. DNozzle T and the H-5 tube both have circular

H-S Tubel
L

7

HedTo vacuum pump
| D r-‘.-.,i“-ﬁ

Figure 5. Experimental system (tube No. 2)

cross sections. The nozzle 1s interchangeable. The length of the

tube is 100 mm. It 1s mounted in a c¢ylindrical chamber E which can
be evacuated in order to eliminate free convecticn around the tube.
The plenum nozzle system and the tube chamber system are mounted

Coaxially on. an optical bench BO, 8o that I can be varied easily.

.2, Temperature measurement

We have made many temperature measurementé using thermocouples
placed in the wall of the tube, in order to determine the effects

of various parameters and factors.

(a) Influence of geometric parameters. In general, it can be

sald that the most important fhermal effects are cobserved for geo-
metric conditions similar to those required for obtaining the opti-

mum amplitude of pressure oscillation [3, 71.

10



In all our experiments, the exciting Jet was in the subsonic or
adapted superscnic regime. In this case, the effect of the distance
! separating the nozzle cutlet from the tube mouth is much less 1im-
pecrtant than in the case when the exciting jet 1s in tHe sub-accommo-
dated supersonic regime [2]. For subsonic jets, thermal effects pass
through a maximum for a value of 1/D slightly larger than unity. For
a Mach-2 supersonic jet, this maximum is observed at 1/D ¥ 2 when

the gas 1s diatomic, and at Z/D % 3 when the gas is monoatomic.
Temperature at the bottom of the tube is an increasing function
of L/D, and reaches an effectively constant value for L/D > 30

(Figure 6).

The ratioc of the Jet cross section Sj to that of the tube mouth

S must lie between 0.7 and 1 to obtaln the largest thermal effects.

(b) Effect of roughness of the inner wall of fthe tube. For

small - tubes, thils roughness plays a non-negligible role [18]. The
observed temperature rise is slightly higher for a rough-walled tube

than for a smooth-walled one.

(c) - Effect of Mach number of éxciting jet. In Figure 7, we-

have graphed the temperature distribution along'%n H-S tube for /536

various Mach numbersfﬁﬂ of the exciting jet.  The temperature is an
increasing function of Mj' It should be noted particulariy that when
Mj goes from 0.53 to 0.96, the temperature at x/L = 0.5 increases by

only 30°, while at the bottom of the tube 1t increases by 160°.

{d) Effect of thermal insulation of the tube. Hree convection

and radiation arcund the outer wall of the tube are two mechanisms
for removing the heat which can be reduced to a large extent. In a
series of experiments-carried cut with the large H-S tube, the tube

was Iinsulated by a thick glass-wool sleeve.

11
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Figure 6. Effect of L/D ratio on woo
temperature of wall at bottom of tube
(fube No. 2: §,/8 =1, Ty = 293° K,

0 ¢ Gem S e . .
Mj‘= 0.96) '

4 s - o8 1

e e AR
O
[

Figure 7. Effect of Mach
number of exciting jet on
distribution of wall tem-
‘ peratures of ircn tube

example of the longitudinal tem- (tube No. 1: Sj/S = 0.74;

perature distribution for a super- ' T4 = 298° K air)

In Pigure 8 is graphed an

sonic execiting jet. It caniﬁgf:Q o S
seen that g%ﬁg?%or insulation is

effective only at the bottom of

the tube, where it produces an Y e
additional temperature rise of

120° ¢. In another series of

633

experiments, carried cut with

: Trinsulated tube
tube No. 2, external thermal . *Insulated tube
insulation also had a large ef- _ °3 : - -
fect only on temperatures at , 3
the bottom of the tube. o e

o 02 D4 g5 0B 4
x /L
Because of the longitudinal
temperature gradient, there is a Figure 8. Effect of exterior

thermal insulaticon of tube on
flux of heat along the wall of distribution of wall tempera-

the tube. This flux can be re- tures of iron tube (tube No. 1:
5,/5 = 0.74; 1/D = 2.4; T =

duced by decreasing the thick- —
29B° K; air M; = 2)

ness of this wall, and/ocr by

12



=T e

e o

.Sy

700

a  <Wood tube
1 iron tube
. ’ i

500

4008

.oaR [ Ge a8 T . ? 02 7 04 05 6,5
Figure 9. Effect of longitudi- Flgure 10. Effect of thermal
nal heat conduction in tube insulation of The inner wall
walls (tube No. 2: Sj/S = 1; TO_= of tube (tube No. 1: Sj/S =

293° K; helium; Mj*= 0.96): 0.74, Ty = 293° K; air; Mj =
o = platinum tube (e = 1/10 mm; 0.84)
A — iron tube (e = 5/10 mm)

choosing a material with low thermal cenductivity. In Figure 9,

results of two experiments are compared. In the first, the tube was

made of iron, and its wall thickness was 5/10 'mm. In the second, the

tube was made of platinum, and its wall thickness was only 1/10 mm.

It can be seen that the reduction in the longitudinal flux allows a -

considerable increase in the temperature at the bottom of the tube.

It -can be supposed fhat transfer of gas to the inner wall cof
the tube can be reduced considerably if that wall 1s made of a good

insulator. Experiments have thus been performed wilth various mate-

rials, particularly wood. Figure 10 compares temperatures measuresd

in a wooden tube with these in an iron tube. It 18 seen that the
increase in temperature due to the insulating nature lof the wood
is considerable at the bottom of the tube (250° K}, but small out

to x/L ;\: 0.6.

13
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&

(e) Effect of t?e nature L . :T Wperss
el .

of the gas. For certain appli- : T 0% oy
cations [6, 19], it 1s necessary N e
to consider use of other gases i
than air. Using hydrogen,
Pnillips and Pavli [191 meas- <
ured a greater temperature rise L
than that obtained with nitro- I
gen. We have proceeded to _
studies to determine the influ- Hfm = —/)//.
ence of the ratio of specific ‘ :';': ;ﬁﬁﬁﬁ?ii:;
heats y and of the molecular e R
welght of the gas. Figure 11 S0 e 0?1 e 03 !
shows the temperatures recorded Lo R
for a tube excited by The fol- Figure 11. Effect of gas on
lowing gases: helium, argon, thermal effects (tube No. 2: 8./
alr, and coxygen. The mono- S,j/S - 0}7030T86: 208° K; Mj'= ’

atomic gases are seen to produce
a much greater temperature rise ‘
than do the diatomic gases. The effect of molecular welght of the
gas used is small out to x/L = 0.5, but can be very large at the
bottom of the tube.

4.3. gog}gi;m_rgcgrgs
Records have been made with hot-film gauges mounted on the tube
wall. The film, about cne micrometer thick, is fermed of a deposit
of platinum on a pyrex support, A record obtained for a supersonic 151@
Mach number is shown as an example in Figure 12, At the bottom of
the tube, the behavior of the temperature variation is identical to

that of the pressure variation [3].

In the middle of the tube (x/L = 0.5), one can see the arrival.
of the incident shock, marked by temperature jump AB, a short plateau
BC which corresponds to passage of the hot gas (state 2, Figure 2)
over the gauge, cocling CD due to passage of the cold gas of the Jet.
(state 3), then the arrival of the reflected shock, marked by

i



temperature jump De, followed by : ‘Tﬁ*pj T

cooling FG which originates in : ]
the expansion which returns the _ P J%[Q{ N {Center

v [ TN\ $ lof tube

temperature of the wall to its . TN
| i
Ly glw,i_;: ‘ f%bffﬁm_
gas of the exciting SELV ] { BN iof tubé

value in state 1.

4.4, Measurement of mass

As we shall explain in Figure 12. Hot-film records

paragraph 5.1, there 1s a mass of tube wall (tube No. 1:
exchange across the contact | Mj - 2)

front separating the gas of the

excitlng Jjet and the gas oscillating in the tube. This mass exchange
can be revealed by exclting an initlally air-filled H-5 tube with a
helium jet and following the time-dependence of the frequency of. the
osclllations in the tube [20]. The speed of sound in helium is con-
siderably higher than in air. Thus, as the air in the tube is re-

placed by helium, the frequency of the oscillations increases.

Tc perform this experiment, the tube is suddenly set into
operation by removing a shutter. The frequency of the oscillations
is measured by displaying on & dual-trace oscilloscope the signal of
a plezoelectric sensor mounted at the bottom of the tube., In the
upper trace of Figure 13, one can see the beginning of the oscilia-
tions at the instant the shutter is opened, and the increase in
their frequency with time. The lower trace allows examination of a
selected portion of the upper trace, and allows more precise measure-
ment of the variation of frequency with time. The analytical methods

for this experiment are described in another paper [21].

15



+ 5. Theory

In 1light of the experimental results discussed above, 1t is pos-

slble to make the following statements: .

a) Thermal insula-
tion has little eifect on
the temperature rise of
the wall in the region
lying between 0 <
x/L < 0.6.

b) There is rela-
tively large mass exchange
between the gas of the
Jet and the gas oscillat-
ing 1in the ftube.

This means both that Filgure 13. Change in freqguency of e
the remcval of heat by oscillations, revealing mass exchange 1}
(tube No. 2"Mj-= 0.96). Gas initially

in tube: air; exciting - gas: helium

free convectlion and radia-
tion around the tube

plays ‘a minor role in the
reglion near the mouth, and also that the mass exchangse can be an

important mechanism of heat removal [22].

The mechanical energy dissipated by frictlon on the walls and
by the irreversibility of the shock waves produces the heating of
the gas oscillating in the tube. When thermal equilibrium is at-
tained, the heat so produced in each cycle must be carried off,
either by the walls of the tube or by the cold jet gas which pene-
trates the tube. Now, it is easy to demonstrate that, in general,
ﬁhe amcunt of heat carried off by free convection and radiation

around the ‘external wall of the tube is only a small percéhﬁéie of

16



the mechanical energy dissipated [22). Thus, to establish a thermal
talance for the hot gas, it will suffice to consider the removal of
heat by forced convection on the inner wall of the tube and by mass

eXchange between the hot gas and the cold gas.

The temperature of the hot gas is certainly not uniform. In
fact, wnile the amplitude of the pressure osecillations and, conse-
quentiy, the 1ntensity of the shock waves are nearly constant along
the tube, the amplitude of the osclillatory movement is a decreasing
functicn of the abscissa, and becomes zero at the bottom of the tube.
From this it results that the irreversibllity of the shock waves
produces uniform heating of the gas (if the formation length of the
shock wave is small with respect to the length of the tube), but that
the magnitudes of the friction and of the forced convection vary with /539
the abscissa. An exact calculation of the temperature distribution
in the hot gas runs into considerable difficulty. The overall ther-
mal balance of the hot gas, which we shall establish in thls section,
does not-allow the average temperature of the gas to be determined

with good -accuracy.

During penetration of the jet into the tube, a certain.mass m¥
of hot gas passes through the contact front within the thickness of
the boundary layer. This phenomenon is analogous to that observed
in shock tubes {23]. During the phase in which the tube is evacuated,
it is an egual mass of cold gas which passes through fhe contact sur-
face and mixes with the hot gas. These two processes are easily
understood when they are visualized in & coordinate system‘fixed to
the contact front. In this system, the boundary layer has the be-
havior shown by Figure 14, While the theoretical determination of m¥
is easy under certain hypotheses, 1ts experimental verification is
more difficult [21].

For the experimental conditions described abové, the Reynolds

numbers are high, and the flow is turbulent. The theoretical study

of the boundary layer in a H-S tube is complex, because the flow is
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hnéta@ienary. It 'is reascnable, how-
to think that at each cycle

during the compression phase, a bound-

A

ever,
ary layer is established, starting
from the mouth. If we assume that
this boundary layer develops as it
does on a plane plate in steady tur-
bulent flow, the velcceity proflle is

then given by:

(1)

where y represents the dlstance of
the tube wall, and 8§ -— the thickness
of the boundary layer at abscissa x,
i.e.,

(2)

v

©8(x) = 037x (@)_*.

[State 2 @

e o T S

IState 7/ ®

State 6]

e

M A

DR

I
{ :
Figure 14. Boundary-layer
profiles in a system of
coordlinates fixed to the
contact front:

(a) — during compression’
phase; (b) — during
emptying phase

With this simplified model, the mass percentage of hot gas

which passes across the
boundary layer is given by [21]:

' p\TL
=0,103[ 22} [ Lz
o103 (52)(

Py

¥

16

. m

i

r \ n
x [1 — 0,137 (%) (%) (Rez}—i] |

contact front within the thickness of the

_;(Rez?_ .
(3)

where RézfﬂgDﬂzé Jﬂﬁiﬂﬁg. The ratio m¥/m 1s a function of the Mach

number M2 of the flow in state 2 (Figure 2).

is given by the Hugoniot relations.

Lp is given by:

Now, the ratio p2/pl

And also, the penetration depth

C et
Li_ud M,

L a, ()
M, g,

The Hugoniot equations also allcw the ratios ag/uci and ag/ucr toe be
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expressed ag functions of ME’ and thus allow Lp/L to be calculated

as a function of M2. The result of these calculations is given in

Figure 15. ﬁﬁey have been performed for y = 7/5 and 6/3, but the

difference between the values ob-

075

tained is so small that a single

curve has been drawn. It can be
geen that the depth of penetra- s ‘ //,
' {

|
|

tion increases rapidly with M | S

o ¢/ Linear theory [8]

i R N N - N

2’

and this allows a better under- /. T

[ —
025 /,

standing of the importance of 5 ,/

heat removal by mass exchange. and

by forced convection insgide the : 0 az 0%

tube. E o o,

06 o8

Figure 15. Depth of jet pene-

Note also that the theoreti- tration into tube

cal values of m*¥/m given by Equa-
tion (3) are in goocd agreement

with the experimental values [21].

The mass m* of hot gas passing across the contact front carries
away with it an enthalpy equal to:ﬁﬁ%fml, where Tt0t2 is the average

stagnation temperature of the hot gas. During expansion, an equal
mass of cold gas 1s substituted for that previously given up, and
carried with 1t an enthalpy equal to m*C,T,\. Thus, the amount of

B_,

lheat-Qm lost by the hot gas during one cycle is:

ST = T (5)

Noting that the period of the oscillations 1s effectively equal to
4L/a,, the energy P transferred per unit time is %;;;QJEML]. On
relating Pm to the maximum mechanlcal power P2 which can be trans-

ferred by compression from the jet gas to the gas contained in the -
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tube, we obtailn:

‘ F‘: = ¢>-,,,[}', Mzs_L/D’ Re*] (_T> \

(62

tota

where f=T /T,y and

(7)

For M, > 0.4, when the limiting cycle 1s reached, the Jet gas

2
penstrates deep into the tube (Figure 15). Up tc the peneftration
depth Lp, the tube wall is swept alternately by the hot gas of the

cavity and the cold gas of the jet. At a given abscissa, the wall
recelves a certain amount of heat from the hot gas and returns 1t to
the cold gas when thermal eguilibrium is reached at the wall; heat
conduction aleng the wall plays a minor role. It should be noted '
that almost all this heat does not pass through the wall from one
side to the other, and that external thermal insulation of the tube
thus does not reduce the magnitude of this mechanism of heat removal
at all. The wall acts as a heat sink, just as 1ln regenerative heat

exchangers.

For precise determinaticn of the heat transfer from the hot gas
to the wall by forced convection, it would be necessary to know the
exact development of the boundary layer in this gas. As we have
already mentioned above, calculation of this boundary layer would be
very complex, and it is preferable toc try to apply known relations,
using certfain hypotheses. Uniike what occurs in.a shock tube where . 1
the gas is at rest before the passage of the shock wave, and where iéﬂl
the boundary layer is formed at the base of the shock, these already
exist before the shock passes, because of the oscillatory character

of the flow of the hot gas. We thus make the hypothesis that thé
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heat transfer is practically equal to that of a completely developed
permanent flow. This hypothesis leads fo theoretical results in

good agreement with experiment [24].

Let Tp(x) be the temperature of the wall at abscissa x, Tr —

the recovery temperature of the hot gas, and h2 — the heat transfer
cocefficient to the wall. During times (t2 - tl) and (t4 - t3) (ef.

Figure 2), the hot gas gives up to the surface m D dx of the tube
the amount of heat dQ of®

lde_ [hyt, — t,) + hit, — £,)]
, _x[TwT(x)]dex

We assume hfvh\and( £} =i, — 3\ During one period, the amount
of heat given up by the hot gas £to the wall 1s thus:

‘0. = i&b}z;! '['fr;'; 'T;tx;] (t, - 1) dx (8)

g 3

Noting that(t t)—xﬂﬂ{ 1ug)
is practlcally-equal to ML/a2, the thermal power carried off by

and that the period of the.oscillations

forced convection inside the tube (with respect to P ) is:

Py zf_u_( __.) (B (4 . a;;)'

j_Py_k P NN L ANM,

o S '
X f[ﬁ~j1jxﬂndn (9)
0 :

WhEPern=ﬂd%J, We have shown [24] that the longitudinal variatioﬁ_éﬁ

the wall temperature 1s given by-

T - ‘,,i o Ket
TU ) ml 1 -+ Kyt

where

K = 0,795 (1=*r)°~3(L‘,/;L)fE (L/D)*?
x (Luy, = VudALing + 1u).

(10}



It seems reasonable to make the hypothesis that the temperature of
the wall at Lp is nearly equal tc the temperature of the hot gas,
since beyond this abscilssa the wall is swept only by this gas. With
this hypothesis, and setting 7E%97}4, we have: . ‘

T, r T ) = Tm:,-(é - 1)[ __1:_’?”#}

- 1
1 —+ Kyt (11)

The coefficient h2 is given by the well-known empirical for-
mula [25]:

k,(Re,)™® (Pr)>*
5 :

b, = 0,023

¥

(12)

It is demonstrated in the Appendix that with the aid of Relations
(11) and (12), Equation (§) can be put intc the form:

2,

P = 610 M,. LD, Re¥] (9—;——5) (13)

During one cycle, the gas oscillating in the tube is run through
by a shock wave and its reflection, then by a bundle of expansion
waves and its reflection. Although the expansion waves are isen-
tropic (effects of wall friction are considered separately below),
it is not the same for the shock waves. To calculate the mechanical
energy thus dissilpated, it is advantageous to represent the cyele in
a temperature-entropy diagram (Figure 16). The incldent shock wave
brings the gas from state 1 to state 2, and its reflection from
state 2 to state 5. If no heat is removed, the isentrople expansion
will bring the gas to state 1'. In order to clcose the cycle, 1t 1is
necessary to remove an amount of heat to make the gas go from state
5 to state 5', for example.

Let Qirr be the mechanical energy dissipated by the irreversi- /542

—_

bility of the shock waves at each cycle:
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;:Qi}r = mC, AT [

AN . |
v D
where AT,=(T,-T,). Noting that the 3
frequency of the oscllilations is y@
B4
practically equal to ag/ML, the 43
: e
mechanical power dissipated by the HE
127
irreversibility of the shock waves, k%
with respect to P,, becomes: LE
o 2%, [
P e BTYT)
P, Ay -1 M, 5;
T (87 (14) ;j -
o - e e i [ - S
\ ] [Entropy /
because {pl/pz) and\(ATS/Tl) are ' ’
Caen - - Figure 16. Incident and re-
functions of M,. flected shock waves 1in the

2 femperature-entropy diagram

5.6. Mechanical energy dissipated

Let us consider the simplified wave diagram (Flgure 2}, and

place ourselves at abscissa x of the tube. Let Cf2 be the coeffi-
clent of friction, and U, — the mean velocifty of the gas in the sec-
tion considered. During time (t2 - tl), the total energy der dissi-

pated by friction on an element of wall of length dx 1is:

LT we assume that the energy dissipated during time (tu - t3),

during the expansion, is nearly equal to that dissipated during time
(t2 - tl), the total energy der dissipated by friction on an element

of wall of length dx is then:

Q= C,rlfozugﬁ(tz —1)dx..

23



Integrating over the length of the tube and dividing bty the
- period 4L/a2, the total power dissipated by friction, with respect

to P2, becomes :

- £ -
P w ,
Sl ﬁ--w---.C- Mia, [(r2 — t)dx. (15)

0

e mea— - o emean

Time (t2 - tl) is a funetion of x, and of the velocities u

u

ci?
oy and us:
.fkoﬂ O<x< Lp _ -
(£, —t,) = : L) ‘
2T b =X 0, o ‘ (162)
for )
L €£x<L

(16D)

Sl

| 11y
(g—gpqL—@&r+f)

For the coefficient of friction C we use the same hypothesis

f2?
as that used previbusly for the heat transfer cocefflclent, namely,
that the coefficlent 1s practically equal to that for a completely
developed stationary flow. Thus, we wrlite:

C,, =0316Re; ™% \ ' (17

Introducing Relations (16a), (16b), and (17) into Equation (15),
the power dissipated by friction can be put intc the form (see
Appendix):

' fﬂx‘(ﬁf.[y,M,,L/'D, Re*). \
p, T Me R

(18)

5.7._ Thermal balance

As we have shown above, the mechanical energy dissipated by
friction on the walls of the tube and by the irreversibility of the
shock waves produces heating of the gas in the tube. This heating
is limited mainly by heat removal through mass exchange and through
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forced convection at the inner walls of the tube. Thermal equilibrium
is thus attalned when:

Pt Pop = Pt P (19)

Using Equations (6), (13), (14), and (18), this thermal balance
takes the form:

o - O
[(‘p:u + q‘:'d:.l'.3 (‘T{) - qb\irr + (pl'r'k

The average temperature of the hot gas when thermal equilibrium
18 reached is thus given by:

: - _¢.rr +n¢ﬁ -1 (20)
T..? _[l Pat ¢F-_f-:| - \

The functions ¢irr’ ¢fr’ ¢m’ and.¢c g, are shown in Figures 17

and 18 for alr and helium, respectively. 1t can be seen that ¢irr

and ¢fr are 1lncreasing functions, while-¢m and ¢c g, are decreasing

functions of Mz. 1t -can easily be verified that when M, approcaches

2
S ﬂ ans
T35 ﬁ_‘? I:
\ ) . opor
“F ‘ﬁf _ i
- - g
s é . 3 : ifo,os
J K3 ﬁ
"ot 06 Ce 0 12 1% ﬁ o] -
My - booa 6 0B
i M, _ .
Figure 17, ¢(M2) functions for Figure 18. ¢(M2) functions for
air (L/D = 33) for helium (L/D = 33)
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the limiting value M, ;, , the quotienti@“1+¢@4¢4f?ﬂﬁjapproaches

unity. Thus, according to Eguation (20), & could become infinite.

But there is another relation which must be taken into consideration.

When the limiting cycle is reached [3], the velocity U, is de-

termined uniquely by the veliocity of the jet, and thus is not affected
by the rise in the temperature of the gas oscillﬁming in the tube.

In contrast, 8., is an lncreasing function of Ttot2> and it follows
that M2 is "a decreasing function of 6. For glven SJ/S and Mj’ the

relation between 9 and M2 is [201:

Y IVEC
o = (SY (M
N M,
A VENY Sy
R A
_+5?W1Mﬂ
s

f.
The G(ME) curve representing Equation (20), and the G(ME’ Mj) curve

Iﬁﬂ)
J
2 e

x

(21)

—

representing Equation (21) are drawn in Figure 19. The point of

intersection of the G(Mg) curve with the B(M2’ MJJ curve corresponds

to the operating point at thermal

equilibrium for a given Mj‘ It

can be seen that the value of M2
at equilibrium is an increasing l

function of Mj’ but always re-

mains less than M2 11im” B is-

thus an increasing functlion of

Mj’ but tends toward infinity !

only when Mj tends toward .in-

finity.

Figure 19. Graphic sclution
of thermal balance
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6. Comparison of Theoretical and Experimental Results

The purpose of the preliminary experiments (section 4) was the
determination of those parameters and mechanisms which play important
roles in the thermal effects observed in H-S tubes. They allowed us
to make simplifying hypotheses and to establish a thermal balance
for the hot gas.

. The experiments described below were intended to determine
whether the temperature measured at thermal equilibrium is in good
agreement with the theoretical value glven by the balance. We used
tube 2 for these tests in order to limit consumption of helium and

argon.

The thermal balance was established for the case where the tube
1s essentlally adiabatic. Now, for tubes of small dimensions,‘free
convection and radiation play non-negligible roles when the wall
femperature rises above a certain level. Therefore, we have always
evacuated the chamber arcund the tube, but it would alsc be desirable
to be able to place a reflecting screen around the tube to reduce
radiation losses. A platinﬁm'tube was used, with a wall thickness of

cnly 1/10 mm, to reduce losses by longitudinal conduction.

The theoretical analysis shows that the equilibrium temperature
8 depends on the geometry (L/D), on the nature of the gas (y, Re#),

and the Mach number Mj' For each experiment, we can calculate 6 by
means of Equations (20) and (21). An M2 and, consequently, a pene-

tration depth Lp correspond to this value of 8 (Figure 15).

Temperature measurements by thermocouples allow one to trace the
temperature distribution as a function of the abscissa. Now, we have

seen (paragraph 5.4) that the wall temperature at Lp must be practi-

cally equal to the temperature of the hot gas. We are thus able to
compare the wall temperature measured at depth Lp calculated above,
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Figure 20. Cbmparison of theoretical and experimental
values of 6 {(tube No. 2)

and temperature ¢ given. by the thérmal belance. This comparison i}
ghown in Pigure 20 for air and helium.

Theory and experiment show that the thermsl effects are much
larger in monoatomic gases than in dilatomic gases. Theoretical and
experimental values of b agree well for 6 < 2. Tor 06 > 2, the effect
of heat loss by radiation is non-negligible, and the experimental
values of § are smaller than the theoretical values.

7. Conclusions

In this paper, we have analyzed the varlous mechanisms for the
dissipation of mechanical energy and the removal of heat which takes
place in a Hartmann-Sprenger tube. | It has been demonstrated that
friction on the walls and the irreversibiiity of the shock waves
are of comparable importance in the dissipation of mechanical energy

into heat. Free convection and. radiation around the outer wall of
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the tube,'as well as thermal conductilon along the wal&ﬂare norn -
negligible only for the temperatures observed at the bottom of the
tube, expecially for tubes of small dimensions.

Forced convection inside the tube i1s important, but it is prin-
cipally the exchange of mass between the cold gas of the Jet -and the
hot gas oscillating in the tube which 1limits the temperature rise
observed in H-S tubes.

The equilibrium temperature of the hot gas can be calculated
by means of the thermal balance, and the theoretical results obtained
in this way agree well with tﬁe experimental values. It has been
demonstrated that the thermal effects are much greater in monocatomic
gases than in diatomic gases. The existence of a limiting Mach num-

ber for the flow of the hot gasl has been shown.
The results obtalned ailow consideration of interesting applica-
tions of the H-8 tube in high temperature chemistry and in magneto-

hydrodynamlic energy conversion. -
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APPENDIX

(1} For a Mach number M2 and a temperature ratio which are not

too high, one can write with good approximation:
;{eg z;_[;f}:)F;’fzéle*. ,

The heat-transfer coefficient h2 {Equation (12)] can then be
put in the form:

o t, L .
By = D023 -‘--—b 2 ({ I Ry Py,

Introducing Equations (A.l) and (11) into Equation (9), it becomes:

(A.

1)

P e )3
e () (a.2)
X i
where:
¢ =on%(—r. WLanmﬂ““é*W“E Ci 
of T ik g et _ r., Y \L)_
1 aNfooye-1 L
s (3,72 - f)(l + 3 :‘,ﬁ‘l’;) 1K} ( AL3)
and
1 .
i R ]
f(K) J-[l—i’}'-l’ IU]% (A.LI-)

The function I(K) is shown in Figure Z21.-

(2) The coefficient of friction Cf2 [Equation (17)] can be

written: S
SOy = D316 (MR

Introducing Relations (16a) and (16b)} into the integral appear-

ing in Equation (15), one obtains:
Py ;;00(‘ M. kkﬁ‘f”ﬂﬁ (1‘ ) ;ﬁi;{m;)
' p TN T D)o
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I (X))

Y

Figure 21. I(X) integral

where: : .
1 - . . . 2

: ‘(a)d(;)Jr(‘f_) | Figure 22. I(M,) function

L < e
The functilon I(M2) is shown in Figure 22. The values of I(Mg) are

calculated for y = 7/5 and y = 5/3, but the difference between the

two values is insignificant, and a single curve can be drawn.

The energy dissipated by friction can thus be written:

+
v

[ TS

(A.T)

P g -
f=%mm@mwﬂ-

2

where

! (A.8)

By, = 00797 ((\/7)M  Re¥)=02s (1;) Ml 1
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